This study concerns the silica-reinforcement of synthetic rubber compounds for passenger tire treads with the objective to gain insight into the beneficial effects of oligomeric resins, derived from natural and synthetic monomers, on the major tire performance factors: Rolling Resistance and (Wet) Skid Resistance. This manuscript highlights the relationship between the performances of various oligomeric resins in different concentrations: 2, 4 and 6 phr, on the dynamic mechanical behavior of the silica reinforced passenger car tire tread compounds. Three types of resins were tested: a polyterpene, a terpene-phenolic and a pure vinyl-aromatic hydrocarbon resin. Dynamic Mechanical Analysis (DMA) was used, in addition to Mooney viscosity, cure meter, tensile and hardness tests to assess the behavior of these resins in the rubber and to characterize the processibility of the compounds. The DMA shows that the resins and rubber compounds are compatible at the resin quantities used. The tan δ loss angle versus temperature was used as an indication for wet skid and rolling resistance. The shift to a higher temperature in the tan δ peak belonging to the glass transition (Tg) of the rubber phase, due to the contribution of the higher T g of the resins, is the reason for improved wet skid performance. A maximum improvement of ca. 35 % in the wet skid region (0 -30 °C) is found. The improved tan δ at 60 °C, indicative for rolling resistance, accounts for reduced interaction between fillerparticles. This is also confirmed by a decrease in Payne effect. A maximum improvement of ca.
INTRODUCTION
The ever increasing demands on tire performance accounts for a continuous effort to raise the overall level of the so-called "Magic Triangle of Tire Technology": the balance between Rolling Resistance (RR), Traction or Wet Skid Resistance (WSR) and Wear or Abrasion
Resistance. This is partly, but not only, triggered by governmental influences like the recent tire labeling regulation issued by the European Union, 1 or similar regulations in the USA, Japan and elsewhere. These requirements on RR and WSR are often conflicting, as improvement in one characteristic usually causes a decrease in the other. A compromise between these characteristics is therefore always aimed for. It has recently been demonstrated that oligomeric resins have a beneficial influence on this balance, particularly on the WSR with no or even a small positive influence on the RR of passenger tires, based on synthetic rubbers with silica reinforcement. 2, 3, 4, 5 Oligomeric resins represent a class of materials used for a very broad range of purposes.
For a classification of the variety of these products the reader is referred to the overview given by
Kim et al. 6 . They can be obtained from different sources: extracted from trees or purposely produced from hydrocarbon monomers. These resins are commonly divided into the main four groups: the naturally derived rosin acids and terpenes, and the synthetic C 5 -and C 9 -based hydrocarbons; various after-treatments are also applied.
It has become common practice to use laboratory scale dynamic mechanical testing to predict or simulate real tire performance. In particular, the dependence of the loss factor (tan δ), the ratio loss (G'') and the storage modulus (G'), as a function of temperature at a low frequency of typically 10 Hz can be used for such purpose. 7, 8 As an indication of traction or WSR, the level of the loss factor tan δ around 0 °C till approximately +30 °C is commonly employed. The range between +40 °C and approximately +70 °C and frequency of 10 Hz represents the operating conditions of a tire and under these conditions the loss factor can be used as an indication for the degree of RR.
The objective of the present study was to elucidate the mechanistic role of such oligomeric resins on the WSR and RR of silica-reinforced passenger tire treads based on synthetic rubbers, which were already optimized for RR. Three oligomeric resins were selected, representing the classes of natural resins: poly-terpene resin (resin A) and a phenolic modified terpene resin (resin B); respectively a pure vinyl-aromatic hydrocarbon resin (resin C). The oligomeric resins were used as admixtures in low quantities: 2, 4 and 6 phr, in substitution of the corresponding amounts of extender oil in silica-reinforced tread compounds with a SBR/BR rubber blend. The influences of the oligomeric resins on the filler-filler and rubber-filler interactions and their effect on the processing characteristics of these compounds were investigated, as well as their influence on the dynamic and mechanical properties of their vulcanizates. These results are compared with those obtained for a compound containing no resin.
EXPERIMENTAL MATERIALS AND COMPOUND PREPARATION
A blend of a 37.5 wt% oil-extended solution-polymerized styrene-butadiene rubber (S-SBR, Buna VSL 5025-2 HM from Lanxess, Leverkusen, Germany) and high-cis-polybutadiene (BR, KUMHO KBR, Seoul, S-Korea) with a rubber ratio of 70/30 was used in this study. The three types of oligomeric resins investigated were provided by Arizona Chemical B.V., Almere, the Netherlands. All types are from the Sylvatraxx TM product line: the naturally derived oligomeric poly-terpene resin (resin A); the phenolic modified oligomeric terpene (resin B); the pure vinyl-aromatic hydrocarbon resin (resin C). The characteristic properties of the resins are given in Table I . Compounds were prepared based on basis of the formulations given in Table II, based on a common "Green Tire", silica-reinforced passenger car tire tread. 9 In the acronyms employed the first letter represents the type of oligomeric resin, A, B and C, and the number represents the concentration in phr (parts per hundered rubber) of oligomeric resins used. Highly dispersible silica 1165MP from Rhodia Silices (Lyon, France) was used as reinforcing filler. The amount of coupling agent bis(tri-ethoxy-silyl propyl)tetrasulfide (TESPT) was held constant throughout the study to represent the commonly accepted optimum amount. 10 The other ingredients and their suppliers are listed in Table II .
Compounds were prepared in a 350 mL Brabender 350S internal mixer using a three stage mixing procedure. The three stages mixing procedure is presented in Table III . The internal mixer chamber volume was 390 cm 3 . The oligomeric resins to be added were physically mixed with the extender oil, ½ silane, TMQ and 6PPD in step 3 of the first mixing stage prior to adding them together to the mixer. After cooling down, the first stage master batch was returned to the mixing chamber for a second stage. This was done to ensure a high level of coupling reaction between the silane and the silica. (Table I) , with Resin A having by far the highest and Resin C a very low viscosity. Table II lists the Mooney viscosities for the various finished compounds; these confirm the earlier observations: Resin A tends to decrease the Mooney viscosity at least for 2 and 4 phr loading;
Resins B and C show a mutually comparable progressive increase in Mooney viscosity with increasing loading in comparison with the Reference compound. It is clear that the viscosity of the resins themselves cannot account for this effect.
It is well known for the present silica technology that an in-situ reaction of the coupling agent with the silica surface needs to take place during mixing, in order to hydrophobize the polar nature of the silica particles and to provide a reactive surface which later-on during vulcanization can chemically couple the rubber polymers to the silica. The efficiency of this silanization is a crucial factor in this technology and can positively or negatively be influenced by the conditions during mixing. 7, 12 The Mooney increase can be taken as a first indication that the addition of the resins enhances the hydrophobation/compatibilization achieved by the coupling agent TESPT somewhat. The more common way to judge this is by the so-called Payne effect discussed later.
The curing properties of the various compounds, as presented in Table II, The mechanical properties after optimum vulcanization are also presented in Table II .
Oligomeric resin addition has the tendency to marginally increase the hardness, which could indicate enhancement of the degree of crosslinking. However, this could also be the consequence treads, is presented in Figure 5 . It shows the increases in tan δ to be the result of a combined effect of a slight shift in the glass transition temperature (T g ) of the compounds to higher temperature as well as an increase in the peak heights themselves. The effects are again most prominent for
Resins B and C relative to Resin A. Table IV summarizes the dynamic data in terms of better or worse relative to the Reference, with the understanding that with respect to WSR an increase is preferred, and for RR a decrease. The overall best performing compounds are marked in bold, indicating again the preference for the Resins B and C over Resin A. In view of saturation or limited solubility effects, quantities of ± 4 phr of all types of resins seem sufficient to achieve more or less optimal results.
DISCUSSION
The results as presented clearly indicate the great potential value of oligomeric resins as admixtures to silica-reinforced tire tread compounds, to impart at the same time improvements in WSR and RR, without negative effects on other properties. A slight increase in hardness was noticed upon addition of the resins, which in commercial tire production could give reason to compound composition adjustments. But in the context of the present study this was not considered appropriate as it might have obscured the effects seen and made the interpretation difficult.
Overall Resin C and Resin B gave the best performance, better than Resin A. This obviously has something to do with the mutual compatibility of the resins with the polymers.- there is a tendency to increase seen in the T g 's of the compounds as given in Table II , which therefore can be taken as a sign of good/sufficient solubility at the low amounts as added. It indicates that the resin containing compounds are homogeneous and compatible. 16 The T g -shifts obtained for Resin A are clearly the largest, and for Resin C the smallest, corresponding very well with the T g 's of the pristine resins, as presented in Table I .
Another explanation, also covering the increase in the peak height of tan δ as well as the lower tan δ at the RR-range at higher temperature, is related to the enhancement of the silanization of the silica by the oligomeric resins, as referred to before. The degree of silanization by the coupling agent TESPT and later by the chemical bonding of rubber molecules to the surface leads to the creation of a significant amount of immobilized rubber molecules, or at least heavily restricted in their segmental motions; sometimes also called a "glassy layer". This plays a particularly important role for silica reinforcement, as this chemical bonding is a prerequisite for silica to work as reinforcing filler, in contrast with the more traditional carbon black, where this bonding is mainly physical of nature and therefore less strong. The silica fillers -if present in large enough quantity, like they are in the present compounds -therefore act in a way like multifunctional chemical crosslinkers, next to the crosslinks created by the sulfur vulcanization.
As it is well known that crosslinking of polymers tends to raise the T g by a few degrees, the multifunctional crosslinking effect of the rubber immobilized on the silica surface also results in a T g -shift or broadening of the T g -peak to higher temperature: therefore also the designation "glassy layer".
Apparently, the presence of the oligomeric resins enhances this immobilization of rubber molecules on the silica filler. This raises the hydrodynamic volume of the filler particles, which then can account for the viscosity increases as observed 17 . However, it also improves the silica dispersion and thereby releases more of the rubber molecules occluded in the void spaces of the silica aggregates. The Payne effect data support this phenomenon in the sense, that the mutual interactions between the filler aggregates are reduced. This raises the effective volume fraction of rubber in the compounds, which enhances the rubber elastic performance of the compounds versus the "dead, non-elastic" contribution of the filler, as is reflected in the lower tan δ in the RR-range, but also in the increased tan δ -peak at the glass transition. This challenging interpretation concurs with similar observations and analyses by others, e.g. as a result of functionalization of the polymers 18, 19 , or by variation of the type and chemical structure of the coupling agent used instead of TESPT. 20 It would require more fundamental in-depth studies, however, to confirm this further in detail.
CONCLUSIONS
Addition of low amounts of low molecular weight, oligomeric resins of natural and/or synthetic origin, bears the potential to enhance the (wet) skid resistance and at the same time reduce the rolling resistance of silica-reinforced passenger tire treads based on synthetic rubbers.
In the specific polymer matrix used for this investigation, the vinyl-aromatic based hydrocarbon resin and the phenolic-modified terpene resin perform better than the poly-terpene resin. The overall performance of the resins depends on the particular rubber formulation and the selection of Step 2
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